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DEVELOPMENT OF PILE TYPE, HIGH DISCHARGE RATE,
NICKEL-CADMIUM SQUIB BATTERIES

by

S. Charlip and A. Lyall

ABSTRACT

The objective of this program is the development of small size,
thick sinter, five cell bipolar nickel-cadmium, sealed, rechargeable
batteries to deliver a one second pulse at 10 amperes above 5 volts
for squib activation. A minimum capacity of 150 mAh at the 10-hour
rate was required.

The report emphasizes the work of developing thick bipolar elec-
trodes, .030 inch sinter, in circular shapes, capable of being impreg-
nated to a capacity of 150 mAh/in2 of sinter area.

The development of a bonded rubber-to-metal seal permitted the
construction of ten 5-cell modules, fully encapsulated, which yielded
several pulses with current densities of 3.6 A/in2 above 5 volts, for
electrode sizes of 2.76 inZ.

Single bipolar cells and five-cell batteries were tested, vented,
and sealed. Based on laboratory cell test data, concentration and
activation polarization are the limiting parameters of current density
outputs in a bipolar nickel-cadmium battery.

Further investigation which would lead to an optimized system
with overcharge capabilities is recommended.
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INTRODUCTION

The bipolar battery derives its name from its electrode configuration
which contains the positive element of one cell and the negative element of
the next cell on twc sides of a conducting thin sheet called the substrate.
The substrate, in addition to being the current collector of each electrode,
also acts as the intercell connector between two adjacent cells. A series
of such bipolar electrodes, positioned so that a positive electrode sur-
face and a negative electrode surface of adjacent plates are facing each
other through an ionic separator and electrolyte, make up a pile battery.
The voltage of the battery is a function of the number of bipolar plates
stacked in a pile. Figure 1 shows a typical configuration of a bipolar
electrode pile type battery.

Because of their unique geometric features and the absence of inter-
cell connectors, pile type batteries possess relatively low internal im-
pedance values and are capable of higher rates of discharge at given
voltage levels.

Bipolar cells have evolved, historically, from the original Volta
battery which had a bipolar configuration. It consisted of a series of
cells made by placing common salt moistened cloth separators between copper
and zinc discs, stacked in a pile(l), High current densities, from a
bipolar pile type battery in the lead-acid system, were obtained and
described in 1924 by the Russian physicist Kapitza .

A study of high current densities in bipolar batteries with large
area, thin foil type electrodes, was made by Gulton Industries in 1966
for the U. S. Army Missile Command. The results were published in a
a Final Report(3). The purpose of the study was to expadd on the experi-
mental work published in 1956 by Willinghanz(4). The objectives of the
work covered by this contract were to develop sealing laws and fabrication
techniques for small size bipolar batteries with thick electrode sinters
which would ultimately lead to the fabrication of five-cell pile type
batteries capable of at least one 50 watt pulse of one second duration,
at a minimum voltage of five volts, and a capacity of 150 mAh at a ten
hour rate.

The work described in this report deals with the development of thick
sintered (30 mil) bipolar electrodes and the extension of these techniques
to bipolar battery technology of sealed five-cell modules.

In order to achieve the stated objectives, it was first necessary to
make progress in the areas of bipolar battery electrodes, sealing materials
and processes, and assembly techniques. Each area is described in the
body of this report.
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DEVELOPMENT OF BIPOLAR ELECTRODES

Development of the Bipolar Sintering Process

The manufacture of bipolar electrodes requires new and different tech-
niques from those of standard batteries. The construction of the sintered
type nickel-cadmium battery electrode consists of depositing a nickel
sintered matrix over both sides of a perforated substrate sheet by immers-
ing it in a slurry of nickel powder. The wet slurry sheet is then dried,
sintered, and subsequently cut to the desired electrode size. The resultant
electrode, which is now ready for impregnation with active materials, is a
porous carrier with a nominal thickness between .020 to .030 inch.

In order to deposit a spongy nickel sinter on each side of the solid
sheet substrate, the sinter has to be deposited on each side separately.
It was required, therefore, to develop sintering techniques for the process-
ing of a single side at a time. All electrodes were constructed with
.021 inch thick nickel substrates and .030 inch sinter thickness on each
side. All electrodes were round discs_and ranged in size from 2-1/4 inches
in sinter diameter (approximately 4 in“ of active area) to 1-5/8 inches in
sinter diameter (approximately 2 in2 of active area). These sizes were
considered as the maximum and minimum practical ranges for the application.
Intermediate sizes, varying in diameter by 1/8 inch, were also constructed.
Each bipolar plate, or end plate, had a border of 1/4 inch free from sinter
for sealing. Thus, the 2-1/4 inch sinter had a substrate of 2-3/4 inches
in diameter.

The sintering of all plates was done in a continuous feed furnace,
atmospherically controlled. The furnace and controls were specifically
designed for sintering bipolar electrodes. A photograph of this furnace is
shown in Figure 2. The electrodes were fired in a dry atmosphere containing
a mixture of 807 nitrogen and 20% hydrogen. The methods used for applying
the nickel powder to the plates were as follows:

Slurry Sintering

The first electrodes, 4 inz, were sintered using this technique. It
consisted of placing a slurry of nickel powder in an organic binder onto a
substrate by filling the cavity of a plastic mold placed on one side. The
electrode was allowed to dry in the mold, the mold removed, and the plate
with the powder fired in the furnace. The process was repeated for the
second side. It was found, in an earlier program(3), that this process
was not readily adaptable to thin sheets and sinters, due to shrinkage of
the powder which caused poor adhesion. However, using a thicker substrate,
.021 inch, the problem of adhesion was minimized. Due to the high shrink-
age rate, uniform porosity of sinters could not be controlled in the thicker
plates,



FIGURE 2. ATMOSPHERE CONTROLLED CONTINUOUS FEED,
SINTERING FURNACE FOR BIPOLAR ELECTRODES
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Loose Sintering

This technique consisted of filling a mold with nickel powder, then
leveling the mold so that the desired thickness was obtained. WNo wetting
agents were used. The bond and the desired porosity levels were achieved
by varying the temperature and time cycles. A typical mold design is
shown in Figure 3. Initial sample lots indicated that this method of sin-
tering could be used to obtain good adhesion and controlled porosity.

Controlling Sinter Porosity

The porosity levels and uniformity of sinters were controlled by
varying the time-temperature cycles on sintering, and thus, the shrinkage
of the nickel powder. Because each side of a bipolar plate was fired
separately, the second side was exposed to the temperature-time cycle
twice, and showed greater shrinkage. To obtain uniform shrinkage on e?gg
side, the heating cycles were modified on the second side. Literature
indicated that temperature has a greater effect on volume shrinkage (porosity)
of nickel powders than does time. Keeping the sintering time constant,
the electrodes were fired at a higher temperature on the first side than
on the second side. This procedure gave sinter porosities in the range
of 80% to 82% in samples tested. It is important, for good performance,
that porosity of sinters be uniformly controlled. Higher porosity levels
than those established are normally associated with large openings in the
sponge-like sinter material, which may impair the ability of the sinter to
hold the active materials due to lack of capillary attractive force. Lower
porosity levels, or high density sinters, will offer little volume for the
active materials. The uniformity of the porosity levels is necessary for
the cells to have equal capacities, since they will hold equal volumes of
active materials.

The levels of porosity in the sinters were determined from the amount
of toluene that the sinter could hold. Toluene was used because of its
moderate boiling point (110.6°C), low surface tension (28.5 dynes/cm at
20°C; water has a surface tension of 72.05 dynes/cm), and low viscosity
(0.590 Cp at 20°C). These properties permit rapid penetration into small
pores and a slow rate of evaporation.

After measuring the volume of the sinter and weighing each bipolar
plate in the dry condition, it was wetted with toluene and the excess
blotted with bibulous paper. The bipolar plate was then rapidly reweighed.
From the recorded weight of absorbed toluene (knowing the specific gravity),
the total volume of absorbed liquid was computed. The plate porosity was
calculated from the ratio of absorbed volume of toluene to the total vol-
ume of the plate:

Volume of toluene
% Porosity = o=t x 100

Volume of total sinter

Several batches of consecutively sintered plates were examined and
tested for adhesion and uniformity of sinter. The plates were found to
have good adhesion and uniform consistency.
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Development of Impregnation Techniques

The impregnation of bipolar electrodes differs considerably from that
of standard plates in the nickel-cadmium battery system. Standard nickel-
cadmium electrodes are impregnated by the process of immersion in a tank
filled with an appropriate solution containing the precursors of the active
materials, Each electrode (positive or negative) is immersed separately
in a different solution, and the amount of active material absorbed by the
electrode is measured by the weight gain.

This technique could not be used for impregnating bipolar plates
since both electrodes (positive and negative) are on opposite sides of
the same sheet. It became necessary to develop new techniques for the
impregnation of the bipolar plates. These consisted of hand applications
of a chemical solution for both negative and positive electrodes. The
method of application is described below.

Positive Electrode Impregnation

The impregnation of the positive electrode (positive side of the
bipolar plate) was accomplished by successive applications of nickel
salt solutions with good wetting properties which were readily absorbed
by the sinter.

A total of eight applications were required to impregnate the posi-
tive electrode to the desired level. After each impregnation, the elec-
trode was thoroughly dried, then converted to nickel hydroxide with a
hot (140°F) sodium hydroxide solution. The electrode was rinsed to
neutral (pH 7.0) with deionized water and dried before the next impreg-
nation. Since usable capacity is only 80% of theoretical, the impregnation
was calculated to compensate for the loss in efficiency.

The electrodes were impregnated to their practical limit, which is
approximately 757 of the free theoretical volume. The following are the
average weight gains for 4 in? electrodes (2-1/4 inch diameter sinter),
found by weighing each electrode before and after impregnation.

ELECTRODE GAIN IN ACTIVE EQUIV. THEORETICAL
MATERIALS CAPACITY IN mAh
Positive 2.60 grams 750

Negative Electrode Impregnation

The impregnation of the negative side of the bipolar plate was accom-
plished in a manner similar to the positive side. A concentrated solution
of cadmium nitrate [?d(NO3)2] was used for the impregnation of the negative
electrodes. Four successive applications were required to impregnate the
negative electrode. Each application was followed by a conversion in sodium
hydroxide and prolonged washing and drying cycles.

-7-



The average weight gains of the negative electrodes with 4 in2 of
sinter were found to be as follows:

ELECTRODE GAIN IN ACTIVE EQUIV. THEORETICAL
MATERTALS CAPACITY IN mAh
Negative 1.64 grams 600 - 680

The positive material is about 807 utilizable, which yields 600 mAh.
The range of the negative capacity is due to the degree of dehydration of
the Cd(OH)2 to CdO which occurs on drying. The utilization here is better
than 907%.

The theoretical capacities of smaller electrodes, with 30 mil thick
sinters and active areas less than 4 in“, were proportional Eo those shown
above. Thus, an electrode with 2 inches in diameter (3.1 in“ of active
area) was impregnated to a Eheoretical capacity of 450 mAh, and one with
1-3/4 inch diameter (2.4 in“) to 350 mAh. The capacity of a bipolar
multicell battery is, of course, limited by the capacity of the lowest
cell or electrode.

Formation

Nickel-cadmium electrodes must initially be subjected to electro-
chemical activity alien to cell use. This is necessary to convert the
"chemically" formed passive nickel hydroxide l@i(OH)z] and cadmium hydroxide
[bd(OH)i] to the more active "electrochemically" formed hydroxides. This

improves the coulombic efficiency (available energy from theoretical
energy) of the nickel-cadmium cell.

The formation of the squib battery electrodes was accomplished
through repeated charging and discharging of opposite sides of the bipolar
plates while they were immersed in an open tank containing potassium hy-
droxide.

The charging was performed with a constant current power supply at
the C rate to an end voltage coincident with a downward break in the
voltage curve. Each side of the bipolar plate was given a total of
three full charge-discharge cycles. Following the third cycle, the
plates were brought to electrochemically zero potential so that, during
assembly into a test cell, the plates would be in an electrochemically
neutral state.



SINGLE CELL EVALUATION - SUMMARY OF TEST DATA

In order to evaluate ultimate battery performance, single test cells
were constructed. These cells were made up from two end plates, one im-
pregnated with positive and the other with negative materials. Each end
plate, therefore, was in essence a half of a bipolar electrode with the
other side left smooth for electrical connections and packaging. Cells
were assembled with separators of non-woven nylon and sandwiched between
two bolted plastic plates which exerted pressure on the cell and maintained
intimate contact between the electrode and the wet separator. The entire
package was placed in a container filled with KOH solution.

The extending terminals of the test cells were connected to a constant
current power supply and charged at 600 mA for one hour, to a terminal
voltage of 1.59 volts. Figure 4 shows a typical test set-up for single
cells.

Capacity Discharges

First cells built were constructed of end plates with-4 in2 active
area., Their capacities were determined by discharging at a constant
current of 600 mA to terminal voltages of 1.0 volts. Figure 5 shows a
discharge curve of a 4 in2 bipolar cell made from two end plates. The
capacity here is 600 mAh.

Smaller plates with 2 in2 of sinter area (1-5/8 inch diameter) were
impregnated to an average weight gain of 0.7 grams of positive material,
equivalent to a theoretical capacity of 202 mAh. The negative electrode
gained an average of 0.9 grams, equivalent to a theoretical capacity of
326 mAh. Actual discharge capacity of single flooded cells made from
end plates yielded from 150 to 165 mAh,

The capacity, therefore, for any size under consideration was
sufficient to satisfy the 150 mAh requirement.

2

Pulse Discharges of 4 in” Cells

To ascertain cell performance to yield high rate pulse discharges,
fully charged test cells, made up of bipolar end plates, were connected
to loads which produced a 10 ampere drain. The cell terminals were also
connected to a Brush Recorder to read voltage and time intervals of one
second duration. Because of calibration adjustments, actual drains were
somewhat higher than the 10 amperes expected. Likewise, time intervals
were longer than one second.

Figures 6a and 6b are the graphs of two consecutive pulse discharges
of a flooded 4 in? bipolar cell. The cell was pulsed for a total of
28 consecutive pulses (without recharging). The first six pulses were
above one volt. The following 22 pulses were slightly below the minimum
of one volt per cell (5 volts per battery). Pulse No. 6 {s shown in
Figure 7a. A 20 ampere pulse discharge of the same cell (after recharging)
is shown in Figure 7b.

-9-



FIGURE 4. TEST SET-UP FOR SINGLE CELL WITH BIPOLAR PLATES
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, 2 . ,
The current density of the cell with 4 in of active area gives:

Current 11.5 amperes
Current density = ——— = - 2p = 2.87A/in2
Area 4 in

to 1.0 volt, for the pulses in Figure 6.
For the 20 ampere discharge, the current density is 5 A/in2 to

1.0 volt. However, the voltage on subsequent pulses would drop below the
one volt level.

2
Pulse Discharges of Smaller Cells (3.1 In to 2 Inz)

It would seem logical to suspect that if the area and the current
were reduced by half, the current density would remain constant, and
therefore, the voltage would also remain unchanged.

Flooded cells, constructed from bipolar end plates (sintered on one
side only) with 2 in? of active area (circular plates of 1-5/8 inch dia-
meter of sinter) were constructed and assembled with 7 mil separators of
non-woven nylon. The cells were clamped between two plastic blocks and
immersed in a beeker containing a 34% solution of KOH. Two nickel tabs,
spotwelded to the end plates, protruded above the electrolyte and con-
nected to test equipment.

Two types of test procedures were used to evaluate the current
voltage relationships. The first consisted of actual Bulse discharge
of 10 amperes for one second, the same as for the 4 in“ plates. 1In this
procedure, the cell under test was backed up by a high capacity (35 Ah)
battery of 28 volts to sustain a constant current regardless of the volt-
age changes in the test cell.

The second type of test consisted of pulse discharges of 20 milli-
seconds duration through a fixed load. This test has an advantage in that
the test cell is supplying the energy and is not acting as a resistor,
which it does during a forced discharge. 1In some instances, discrepancies
were observed between the two methods., As a check of the first test method,
a series of pulse discharges were conducted using the second method. For
a better understanding of the problem, (current density as a function of
electrode area) reference electrodes were used with the fixed load pulses.

Figure 8 shows a schematic diagram of a circuit for pulse discharges
of short duration. The key element in the circuit is the switch (SW).
In order to obtain a good contact for a short time, a rotary switch was
made. A diagram of this switch is shown in Figure 9. The switch was
driven by a 27 RPM motor with adjustable contacts, controlled by spring
tension. The contact time was set by adjusting the angle of the contact
arm and the spring tension. The load bank ('"L") was set to correspond
to the discharge conditions, and the shunt ('S') measured the current
flowing in the circuit.

-14-
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The terminal load was measured prior to discharge using a Mueller
Bridge. The current was measured across the shunt and cell voltage cal-
culated, or cell voltage measured across the terminals and battery
voltage calculated. To avoid the effects of distributed load and ter-
minal resistance of the cell, voltage and current were not measured
simultaneously in this experiment. However, in later tests the circuit
was improved to permit both measurements simultaneously.

Figures 10a and 10b are pulse discharge traces of a single flooded
cell with 2 in? of active area. The cell was charged at 15 mA for 16 hours
and then pulsed at 10 amperes (forced discharge) with the voltage recorded
on a Brush Recorder Mark II. Subsequent tests gave similar results. The
cell voltage was just below the 1.0 volt level at the end of one second.
This_is below the expected level based on the results obtained with a
4 in“ cell pulsed at 20 amperes.

The test with the 4 in2 plates was duplicated using the second test
method. A fully charged cell was pulsed at fixed loads using an oscil-
loscope and a camera to record the current. Figure 11 shows oscilloscope
traces of the discharges. Calculating the voltage drops at these currents,
the resulting cell voltage of 1.28 volts is assumed at zero current, since
this is the normal open circuit voltage of a nickel-cadmium cell after
several days on stand. Calculating the voltage drops at these currents,
the resulting cell voltage was plotted on a graph, shown in Figure 12.

The results show that at_ 10 amperes, a cell voltage of 0.98 volts can
be expected for the 2 in? cells, which is consistent with the forced dis-
charge results.

To gain knowledge about the behavior of each individual electrode,
a series of pulse discharges were conducted using a Hg/HgO reference
electrode.(6§ The traces in Figure 13 show the negative electrode as
highly polarized ( AV = 0.66 volts) at the start of the discharge,
then recovers about 0.1 volt during the first 8 milliseconds. The posi-
tive electrode shows a drop of 0.25 volt after one millisecond, and continues
to decrease, with time, at a rate greater than the recovery of the negative.
The combination results in a steady decrease of cell voltage with time.
Figure 13b shows that there is very little change in current during the
pulse duration. However, the current varies with the voltage at the con-
stant load, unlike a forced discharge at constant current.

The tests with the reference electrode show the presence of activa-
tion polarization in both electrodes--slightly higher in the negative than
in the positive electrode. However, the positive electrode, which is
greatly susceptible to concentration polarization, shows the presence
of this polarization by the voltage drop increase with time.

To rule out the possibility of a "state of charge' effect, a cell
was subjected to three consecutive pulses at one minute intervals without
recharging. The discharge traces are shown in Figure 13d. These traces
are almost superimposed on each other, and show no change in the rate
of decay with the state of charge.
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Single cell pulse discharges were conducted with electrodes having
active (sinter) aEeas of 2.4 in? (1-3/4 inch dia.), 2.7 in2 (1-7/8 inch dia.),
and 3.1 in? (2 in®). The tests were conducted using the forced discharged
method at constant current. The results are shown in Figures 14, 15, and 16.
The data ghow an increase in voltage as the active (sinter) areas increase
from 2 in° to 3.1 inZ. However, there is a larger jump in performance for
the 3.1 in? (2 inch dia.) electrodes, although the area increase, in each
size, is approximately at a ratio of 1.15:1.

7

Data from Figure 16 indicate that the 2 in2 electrode, if assembled
into a five-cell battery, would yield 10 amperes at 5 volts. The smaller
plates would give marginal performance with respect to the 5 volt cutoff
level,
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EVALUATION OF FIVE-CELL BATTERIES

To ascertain the results of single bipolar cells when assembled
into five-cell batteries, several were built and tested.

A five-cell battery was assembled from the 1-5/8 diameter electrodes
(2 in2) with a separator of 7 mil non-woven nylon. Sealing the cells was
difficult. The battery was assembled in the following manner. The elec-
trode flanges were coated with a sealant (of liquid neoprene) and "O" rings
placed between each bipolar plate. The battery was assembled by stacking
the plates on top of each other as follows. The electrolyte was added to
the sinter, then the separator was placed over the sinter and more elec-
trolyte added. The next bipolar plate was placed on top and the procedure
repeated until the end plate was assembled. The battery was clamped be-
tween blocks of 1/2 inch thick lucite and fastened with machine screws
around the periphery. A photograph of the test battery is shown in
Figure 17.

The battery was charged at 10 mA for 27-1/2 hours, with individual
cells being monitored. Figure 18 shows the average cell voltage and the
spread in cell voltages during the charge. The battery was placed on
open circuit with all cell voltages monitored at 1.38 volts. It was then
discharged at 100 mA as shown in the right hand side of Figure 18. This
figure gives average cell voltages including voltage spread of each cell
(battery voltage is five times the average cell voltage). The center
cell fell to 0.18 volt after 55 minutes of discharge, although all other
cells were at 1.20 volts. After the discharge, the battery was dis-
assembled, the electrodes washed and dried, and reassembled changing the
position of the bipolar electrodes. The resultant voltage readings were
the same. The center electrode failed first, as before.

A careful study of the situation revealed that the center cell was
not sealing and, therefore, losing electrolyte during overcharge; due
to the compression method used, the gas pressure during overcharge was
forcing electrolyte out. The cell was reassembled using Kel-F grease on
the "0" rings. The cell was placed on charge and discharged at the 100 mA
rate. All cell voltages were uniform with no visible leaks from the cells.
The battery was pulsed at 10 amperes and the voltage recorded on the Brush
Recorder Mark ITI. The results obtained (Figure 19) are almost identical
with those shown in Figure 10. The correlation between the 5-cell battery
and the single cell of Figure 10 was made by dividing the battery voltage
by 5.

A second five-cell bipolar battery was assembled with 4 in? (1-3/4 dia.)
electrodes. However, to give the cells additional free volume, and to com-
pensate for the effects of concentration polarization, the negative side of
the sinter was cut down to 1-5/8 inch diameter (2 inz)° This gave the
battery an active area of 2 in?. Each cell had a free volume equal to the
difference of the positive electrode (2.40 inz) and negative electrode
(2.07 inz), times the thickness of one electrode (.030 inch), or approxi-
mately 0.16 cc.

An elastometer type seal known as "Quad-Ring Seal", manufactured by
the Minnesota Rubber Co., Minneapolis, Minnesota, was used to seal indiv-
idual cells of the battery. This seal makes a two point contact with a
sealing surface. The relative square cross-section of the "quad" ring
and flexibility of the four-lobed sealing surface, made it easier to apply
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FIGURE 17. FIVE CELL BATTERY WITH 2 IN? OF SINTER AREA
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pressure to the cell stack and obtain intimate contact between wet sep-
arators and electrodes, for lower cell impedance. A cross-sectional
view of a single bipolar cell assembled with a '"quad" ring is shown in
Figure 20,

The five-cell battery (2 in? active area) was encapsulated in a
potting compound with positive and negative threaded terminals protruding
from it. After one formation cycle, the battery was pulsed across a
0.49 ohm load for six consecutive one second pulses. The results are
shown in Figure 21. These results are identical with those previously
obtained from five-cell, 2 in“, bipolar batteries. The voltage on the first
pulse was 4.9 volts,

Following the pulse discharges, the battery was given a constant
current charge of 15 milliamperes. After sixteen hours of charging, a
small electrolyte leak was observed emanating from the junction of the
positive stud and potting compound. The battery was taken apart and ex-
amined for causes of failure., It was found that the leak occurred from
one cell, the end cell, where the electrolyte had penetrated the bond
between the potting compound and the end plate.

A third five-cell battery was assembled. The electrode sizes of
both the positive and negative sinters were 2-1/4" in diameter ( 4 in2
of active area). The nickel substrates were thoroughly cleaned, sand
blasted, wiped down with MEK, and washed and dried. The electrolyte
was introduced into each cell prior to assembly by wetting the 7 mil,
non-woven nylon separator with KOH and wetting the sinters with the bal-
ance until it was all absorbed. The edges of the nickel substrate were
again cleaned with a mild solution of boric acid, washed and dried. A
""quad" ring, coated thinly with Kel-F grease, was placed between each
cell. The entire 5-cell module was then placed into a tightly held mold
and encapsulated with a potting compound, ERL-2795, manufactured by
Union Carbide Co. After the potting compound solidified, the battery
was removed from the mold and restrained between two lucite sheets,

1/2 inch thick, and placed on charge at the 20 mA constant current rate.

Prior to pulsing at the 10 ampere rate, the battery was given one
discharge at 600 mA to one volt. The capacity above 1.0 volt was 570 mAh.

The battery was given a second charge and pulsed at 10 A for one
second. The voltage and current were recorded on an oscilloscope. The
oscilloscope traces of the pulse discharge are shown in Figure 22,

The voltage at the 10 ampere pulse was at the 5 volt level for the
large 4 in? bipolar battery,

It was felt that, even though no leaks were immediately observed,
this method of sealing offers no measure of reliability, and other tech-
niques need to be developed to obtain a reliable seal.
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Adhesive Bonding

The application of a rubber-to-metal adhesive bond in the assembly
of bipolar batteries suggested itself when other means failed to produce
reliable seals.,

The joint geometry is particularly adaptable for adhesive bonding
since the substrate is an ideal lap joint in tension with the stress
(generated by the cell pressure) perpendicular to the plane of the joined
surfaces.

With proper assembly techniques, cleavage and peel stresses can be
minimized. The added support of the encapsulating compound would con-
tribute to uniformity of stress distribution across the adhesive joints
and prevent peeling tendencies caused by the tensile stresses in the
free edges of the adhesive joints.

Surface Treatment

An important aspect of adhesive bonding is the surface preparation and
treatment prior to making the joint. Adherent surfaces must be pretreated
and kept clean until bonded.

Although the forces which produce adhesion between organic materials
and metal surfaces are not clearly understood, it is known that these
forces are short-range with respect to molecular dimensions. Therefore,
the presence of foreign substances will interfere with the close approach
or intimate contact between adhesive and adherent, and would result in
lower surface energy and poor bond.

Three methods for cleaning the surface of the nickel substrate were
considered: chemical, mechanical abrasion, and degreasing. With some
variations in procedures, the latter two were employed. The chemical
cleaning was not considered practical. The recommended composition of the
etchant for nickel is a strong concentration of nitric acid. This was
not considered practical in view of the fact that bipolar electrodes were
fully impregnated, and the presence of acid in the sinter could not be
tolerated nor effectively neutralized.

A flow chart of the cleaning methods used, and found to be practical
for this application, is shown in Figure 23.

Sand blasting was considered the most practical method of mechanical
abrasion. The electrodes were placed in a fixture, masking the sinters
and only the bonding edges were exposed to the abrasives. A uniform
surface roughness was thus obtained. The roughness factor of the nickel
substrate was considered to be significant in obtaining a good joint. A
uniformly roughened surface will possess a larger actual area for the
action of molecular forces. The roughening is usually accompanied by an
increase in the free surface energy produced through working of the surface

and through the higher surface energy property possessed by rough metal
crystals.
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STEP 1 STEP 6

SAND BLAST BONDING =] WIPE OFF SURFACE
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STEP & STEP 9
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AIR DRY - APPLY A THIN COAT
OF ADHESIVE

FIGURE 23 FLOW CHART FOR SURFACE PREPARATION OF NICKEL
’ SUBSTRATES FOR BIPOLAR BATTERIES
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To test the surface for proper preparation and cleanliness, each
electrode was given the '"water break'" test. A droplet of distilled water
was placed on the cleaned surface and observed to see if it spread and
wet the surface smoothly. It was felt that if a drop of distilled water
wets the metal surface and spreads smoothly over the surface without
breaking up into individual droplets, the surface could be presumed to be
free of harmful organic films. A surface which is uniformly wet by dis-
tilled water will probably also be wet by the adhesive. The surfaces were
thoroughly dried after each test.

Adhesives and Seal

Several known organic compounds were tested as a rubber-to-metal
adhesive. The adhesives that were recommended for bonding nickel-base
alloys are in a class known as thermosetting adhesives. These undergo
chemical changes during the curing cycle and effect a bond between the
rubber and metal. The adhesive sought for this application, initially,
was one requiring the minimum curing temperature. Since the electrodes
to be bonded are impregnated with active materials, adhesives with room
temperature curing cycles were sought, to minimize the heat effect on the
active materials and cell function.

A list of bonding agents, curing at room temperature, was tested
and evaluated. In each case, the bond failed to hold up when subjected
to KOH environment. Tt was apparent that reliable bonds to nickel could
not be achieved with the room temperature curing adhesives and that
thermosetting adhesives would have to be adopted.

The major problem was to localize the heat around the flange and to
limit the temperature for the entire electrode to 300°F.

A combination of primer and adhesive, which cure at 300°F was finally
used, The primer was applied to a cleaned and conditioned nickel substrate
and allowed to air dry to vaporize the solvents which are commonly found
in adhesives. In many samples, the presence of solvents in the adhesive
and their inability to escape from the bonding surfaces, resulted in
extended cure time and porous bonds.

The rubber seal used to bond to the surface was a cured neoprene
washer, 45-55 durometer, manufactured to Spec., MIL-R-3065. The gasket
was soaked in the adhesive and placed over the primed surfaces of the
substrate.

The assembly was clamped between two rings and placed into a hydraulic
press with heated elements. The temperature was maintained at 300°F for
one hour on the pressure rings. The bonded half-plates were assembled
into a bipolar cell by flooding the inside with KOH. The rubber-to-rubber
bond between the cell halves was accomplished using a neoprene cement. A
cross-sectional view of the cell is shown in Figure 24,

The test cell was subjected to temperature cycling between 73°F and
150°F for 32 hours, after which the cell was placed on the shelf for 2 weeks.
At the end of this period, the cell showed no signs of leaking. The cell
was taken apart by prying open the seal. There was evidence of interface
attack and a joint weakening at the interface of the rubber and metal.
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In a parallel test program, several cells and two 5-cell batteries,
with 2-1/4 inch diameter sinter area, were built using uncured neoprene,
40 durometer, in lieu of the cured neoprene washers, and the same bonding
adhesive which was applied to the cleaned ahd conditioned nickel sub-
strate and air dried. The uncured neoprene was placed on both parts of
a set of matching steel molds and applied over both substrate edges of the
bipolar electrode. The entire package was placed in a hydraulic press with
heated elements and maintained at a temperature of 300°F and 1500 1b/in2
of pressure. A photograph of the press is shown in Figure 25,

Upon air cooling, the edges of the electrode were trimmed of the
excess neoprene, and the electrode was ready for assembly, as previously
described. Figure 26 shows a half mold for vulcanizing seals.

The bonds obtained between the rubber and the metal during vul-
canization have been tested and found to be superior to those previously
obtained without wvulcanizing.

The bonded 5-cell module was then encapsulated in a potting compound.
The batteries so assembled, showed no trace of leakage when subjected to
normal cycling. Subsequent destructive tests showed that the bonds were
stronger than the rubber when subjected to peel and tensile tests. Cells
subjected to simulated cell environment held up well with no signs of bond
weakening.,

Assembly Procedures and Test Results of 10 Development
Batteries

The quantity of electrolyte in a sealed nickel-cadmium cell must be
closely controlled for optimum cell performance. The internal volume
available in each bipolar cell (2 to 4 in“) is small. Hence variations
in electrolyte quantities, even in the hundredths of a cc, are relatively
large as a percentage of the total. It was difficult to determine the
exact quantity of electrolyte needed for each cell of each size, and
therefore, vented formation of flooded cells was used.

Cellulosic separators, 3 mil thick, were used in lieu of non-woven
nylon., The cellulosic separators swelled on soaking in electrolyte and
made intimate contact with both electrodes. This condition prevented any
void spaced between the electrodes and gave a full cross section for
current carrying. Five-cell bipolar modules, similarly assembled, using
non-woven nylon separators, showed a tendency to form '"hot spots'" (places
where, due to the electrolyte forming a local path, the current followed
a path of least resistance) and the apparent internal resistance went up.
Voids, created inside the cell due to poor separator contact between the
electrodes, reduced the electrode surface area and, therefore, operated at
higher current densities than calculated.

Five-cell modules were assembled dry, with the rubber bonded seals,
and were then filled with electrolyte (flooded) through protruding filling
tubes. They were then subjected to a vented formation regime. The vented
formation procedure permitted a high rate overcharge (C/4 for five hours),
which more efficiently reactivated the nickel and cadmium electrodes. Such
high rate charge of a sealed cell would result in excessive pressure build-
up and probable failure of the seal.
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Figure 27 shows oscilloscope traces for 8 consecutive pulse discharges
of a five-cell vented module--3.1 square inches of active area. The volt-
age on the first five cycles is above 5 volts with the current in excess
of 10 amperes.

Figure 28 shows oscilloscope traces of two consecutive pulse dis-
charges of a five-cell vented module with 2.76 square inches of active
area., The current, on the first pulse, is above 11 amperes with a volt-
age of 5.4 volts.

After the first formation cycle discharge, the battery, vented, was
fully charged. It was then inverted (with the filling tubes facing down-
ward) and the excess electrolyte spilled out. The filling tubes were
removed and the openings sealed with a neoprene cement.

The five-cell modules (sealed and flooded) were restrained between
two 1/2 inch lucite plates and subjected to ten, one second pulse dis-
charges (battery position was random since it can operate in all positions).
Oscilloscope traces of 13 consecutive discharges of a sealed, five-cell
module with 3.1 in® of active area, are shown in Figures 29a through 29f.
The first 10 pulses were repeated at one second intervals, while the last
three were at two minute intervals., The voltage on the first three pulses
was approximately 5.5 volts atd the current 11 amperes. The voltage stays
above 5 volts at the fifth pulse, and gradually declines slightly below
the five volt limit. After two minute intervals, the voltage recovers to
5 volts at 10 amperes on the next three pulses. Figure 30 shows similar
data for a sealed, five-cell module with 2.76 in? of active area.

After the pulse discharges (ten pulses), individual cells of the
battery (through the exposed nickel edges of the substrates) were drained
at 150 mAh to approximately 0.6 volt per cell. The rubber surfaces were
thoroughly cleaned and air dried. The sealed, five-cell modules were
placed in a plastic mold and encapsulated in a potting compound leaving
the two end terminals exposed.

Figure 31 shows a photograph of a five-cell, sealed module, 3.1 inz,
encapsulated.

The compound, in this case, served as a convenient means for packaging
the module and as a dialectric material separating bipolar cells from each
other. Mechanical packaging of modules inside metallic or plastic con-
tainers for retaining the modules, prevent expansion of the stack which
increases the apparent internal resistance during charge and discharge,
were not considered and were felt to be outside the scope of this program.

After encapsulation, the five-cell modules were allowed to harden
in the mold. They were then removed and charged at a constant current,
in the following manner: 25 milliamperes per square inch of active plate
area (80 mA for a 3.1 in2 electrode) until the voltage reached 7.1 volts
for a five-cell battery (1.42 volts per cell); the current was then reduced
to 15 mA per square inch until the voltage again reached 7.1 volts. A
third step in charging was used when the total input was considered in-
sufficient. 1In this case, the current was reduced to 12 mA/inZ? until the
voltage again reached 7.1 volts.
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An encapsulated five cell battery was given ten pulse discharges
before it was considered acceptable for delivery to NASA.

Figure 32 shows_two consecutive pulses of a five-cell (encapsulated)
battery with 2.76 in“ of active area.

A total of ten developmental, five-cell modules were built. Seven
had 3.1 in? of electrode area and three had 2.76_in2 of electrode area.
The average weight of a five-cell module (3.1 in®, encapsulated) was
210 grams. Before encapsulation, the average weight of a sealed battery
of the same size was 160 grams. The volume of five-cell sealed modules
(3.1 in2) was 2.25 cubic inches, and 2.0 cubic inches for a 2.7 in module,
before encapsulation.
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DISCUSSION OF RESULTS AND CONCLUSIONS

The contractual objectives for the development of a 5 cell bipolar
nickel-cadmium rechargeable battery with thick electrodes (30 mils sinter
and 21 mils substrate) have been met and exceeded with a bipolar plate
of 1-7/8" sinter diameter (2.76 in2), at a current density of 3,62 A/in2,
above 1.0 volts,

The five cell module has a nominal capacity of 300 mAh and is expected
to yield 200 mAh (at the C/2 rate) when sealed, and several one second 10
ampere pulses, above one volt,

The reduced voltage, at subsequent pulse discharges, is primarily
due to activation polarization at the negative, and concentration polarization at the
positive electrodes, as evidenced by the oscilloscope traces. (Figure 13)

A thick sinter electrode (.030 inch) was developed which is capable
of being impregnated with active materials to yield 150 mAh/in? of
capacity at low rates. These electrodes can be manufactured in any
size, from 2 inZ to 100 in2, and in circular, square and rectangular
shapes, not exceeding 8 inches in width of substrate. Larger sizes
are limited by the present equipment in our laboratory. It is not
necessary to use .021"thick substrate for the thick bipolar plates.
Plates with .010 " substrate and .030" sinters can be produced in the sizes
stated, However, it would be desirable to maintain the thicker substrate
for the end plates, for added mechanical strength.,

Of primary significance in this program was the development of a
seal which bonds to the nickel substrate and stands up in the environment
of the bipolar cell, although more cycle data are needed to ascertain its
reliability and life,

The absence of a seal has prevented former investigators from building
and testing rechargeable bipolar batteries. The development of the seal
has, therefore, extended the state-of-the-art of bipolar battery technology.

Using the techniques developed, or extended on this program, more than
ten rechargeable, sealed, five cell, bipolar nickel-cadmium batteries,
were built with similar performance.

It would appear reasonable to conclude that bipolar batteries could

be successfully produced, in quantity, in a variety of configurations,
within practical size limitations, for high power pulse applications.

-51-




RECOMMENDATIONS

The bipolar battery system developed under this program was tailored
to meet specific requirements. The system did not optimize the maximum
power capability of the battery (which occurs at approximately 0,60
volts per cell),

Optimization of the nickel-cadmium bipolar battery system (where
capacity is not a primary objective) will occur when development of thin
plate electrodes are successfully incorporated into a sealed pulse dis-
charge battery with an overcharge capability. Basic knowledge and experience
in thin plate technology was acquired by Gulton from several in-house
sponsored projects and from funded work (3.

The scope of this program did -.0% nermit the investigation of all the
facets of this system., We recommenc tiat investigation be continued in
the following areas:

1. The effects of electrolyte concentration on activation and
concentration polarization.

2. The effects of external pressure characteristics on high rate
performance.

3. Efficient packaging design, which would include a pressure jacket
to retain the stack, and prevent the electrodes from bending
due to internal pressure build-up on charge. This in turn will
prevent the creation of "hot spots" inside the cell,

4, The application of low density compressible non-woven separators
with long life characteristics, into the bipolar sealed system.

5. The evaluation of bipolar cells with small reservoirs around
the outer edges of the active material to hold the electrolyte
during a low rate (C/10) overcharge.

6. It is possible to develop a system which would permit the battery
to take a high rate overcharge without too great a sacrifice in
volume, Charge control devices, as well as the incorporation of
a Gulton developed third electrode (Adhydrode(R ), to permit
overcharge, were never investigated in relation to bipolar batteries.
The application of such devices to bipolar batteries is highly
desirable.
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APPENDIX

CALCULATIONS OF HIAT RISE DUE TO DISCHARGE
CURRENT

Calculations have been performed to determine if discharges at
10 amperes for one second will cause excessive heat rise. It was
- felt that the 15 mA drain will cause no appreciable heat rise, and
was, therefore, not considered as a problem requiring investigation.

The following assumptions were made on the analysis:
a,; All free energy is being converted to electrical power.
b, The internal impedance is 1 milliohm.
c. The specific heat of a bipolar battery is essentially
the same/as other nickel-cadmium batteries (.35 BTU/Lb./°F).
d. The weight of a battery, used in the calculations, was
0.5 pounds.
From the equation:
AHE - AF® = ¢
where: AHf = (Heat of Foxrmation) = 1.43 Cal/watt-hours
AF = (Free Energy of Formation) = 1,28 Cal/watt-hours
g = (Heat Diééipated or Absorbed)= -0.15 Cal/watt-hours

R = (Internal Impedance) = 1 milliohm

Discharge = 1 second at 10 amperes and 1 volt

: -3
= 10 watts x 1 hours = 2.7 x 10 watt-hours
3600 ;

BTU

-3 _BTU
Chemical Heat Generated = (.15 x 2.7 x 10 ) x 3.4 watt-hour

- 13.7 x 107 BTU

Heat From IZR = 1060 =x ,001 = 0.1 watts

0.1 x = 2.7 x 104 watt-hours

1
3600
- 8.18 x 10°% 3T

Total Heat Generated = Chemical Heat + IZR

= 107% (13.7 + 8.2) = 21.9 x 10™% 31

k)

i
—




Specific Heat = .35 BTU/Lb/°F

 Weight of Battery = 0.5 1bs.

=4
Temperature Rise = AF = 21.9 x 10 = 1.25 x 1072 of
3.5 x 5 x 10-2

It is apparent that this value is insignificant for the discharge.
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